T he axially chiral 1,1′-binaphthalene-2,2′-diol (binol) has impacted asymmetric catalysis profoundly.
1 Used widely as a chiral ligand and as a precursor to chiral ligands and catalysts, binol is best prepared by the oxidative dimerization of 2-naphthol.
1,2 Binol derivatives, particularly those with substituents at the 3,3′-positions, allow fine-tuning of steric and electronic properties as well as sculpting of the scaffold's chiral environment, thereby greatly enhancing the utility of this scaffold.
3−5 Such 3,3′-disubstituted binols are nearly always made through a multistep sequence starting from a preformed binol, since the direct oxidative dimerization of 3-substituted naphthols is impractical given the limited availability of such naphthol precursors. 6 Recently, we reported a general route to 3-substituted naphthol silyl ethers via a silver salt-catalyzed formal inverse electron-demand Diels−Alder (IEDDA) reaction between phthalazines and siloxyalkynes. 7 Since phthalazines are prepared by a one-pot procedure from aromatic aldehydes, 8 this cycloaddition methodology provides direct access to a variety of 2-hydroxynaphthalene derivatives, 9 potential precursors to modified binol ligands (Scheme 1).
Nearly all reported IEDDA reactions of heterocyclic azadienes are thermal processes, typically requiring harsh conditions. 10 Our interest in hydrogen-bonding catalysis 11 prompted us to explore pyridinium salts designed to form two hydrogen bonds to the phthalazine nitrogen atoms as catalysts for the IEDDA reaction between phthalazine and electron-rich alkynes. 12 The reaction with siloxyalkynes, 13 while promoted by dual hydrogen bond donors, was catalyzed even by simple pyridinium salts and afforded, rather than the anticipated 2-naphthol derivative, an intriguing tetra-azapentacyclic compound, arising from a formal [2 + 2 + 2] cycloaddition between two phthalazines and a siloxyalkyne (Scheme 2, eq 1). 14 Inspired by the ample precedent with normal electron demand Diels−Alder reactions, 15 we evaluated various metals for promoting the desired IEDDA reaction and discovered that Ag(I) salts, especially when paired with bidentate N-donor ligands such as 2,2′-bipyridine and 1,10-phenanthroline, catalyzed the desired process to afford 3-substituted 2-naphthol silyl ethers in good yields (Scheme 2, eq 2). 7, 16 To make this strategy more versatile and practical, we have examined complexes of earth abundant metals as catalysts for the IEDDA reaction and report here that Cu(I) and Ni (0) complexes can supplant Ag(I) salts for these cycloadditions (Scheme 2, eq 3). 17 Significantly, the copper salt catalyzes not only the cycloaddition of a broader range of substrates but also the [2 + 2] cycloaddition reaction between a siloxyalkyne and CuOTf (5) bpy (5) (5) bpy (5) (5) bpy (5) Reaction was carried out using 1.5 equiv of 2 per equivalent of 1 in CH 2 Cl 2 (0.5 mmol of 1 in 1.0 mL of CH 2 Cl 2 ). The contrasting reactivity displayed by pyridinium salts and silver salts combined with a desire to identify non-precious metals for catalysis motivated us to examine a broader range of metal complexes for the IEDDA reaction of phthalazine (1) and 1-siloxyhexyne (2) ( Table 1) . Commonly employed Lewis acids, such as ZnBr 2 , TiCl 4 , Yb(OTf) 3 , Sc(OTf) 3 , Bi(OTf) 3 , Co(BF 4 ) 2 , La(OTf) 3 , In(OTf) 3 , and BF 3 ·OEt 2 , all failed to catalyze the reaction. 18 Interestingly, while NiCl 2 was also ineffective, the corresponding Ni(0) complexes, Ni(PPh 3 ) 4 and Ni(cod) 2 , afforded the desired cycloadduct 3 in 21% and 43% yields, respectively (entries 1 and 2). This result suggests that the metal is not activating the diazine simply through Lewis acid/base interaction, since Ni(0) complexes are expected to be weakly Lewis acidic, certainly compared to NiCl 2 . We were pleased to find that Ni(CO) 2 (PPh 3 ) 2 , at 10 mol % catalyst loading, nicely catalyzed the cycloaddition at room temperature, affording the product in 80% yield (entry 3). Further addition of PPh 3 or P(OMe) 3 to the Ni(0) complex gave the product in diminished yields (entries 4 and 5). Isoelectronic with Ag(I) and Ni(0), Cu(I) salts were expected to also catalyze the cycloaddition reactions. Indeed, CuCl when used in conjunction with 2,2′-bipyridine did catalyze the reaction, albeit poorly (5% yield). The efficacy of Cu(I) salts improved with decreasing nucleophilicity of the counterion, as evidenced by increasing yields on going from CuI to CuCl to Cu(OTf). Even better results were obtained with highly dissociated counterions, such as PF 6 − and BF 4 − (entries 7−10). The best result was obtained using 10 mol % of tetrakis(acetonitrile)-copper(I) hexafluorophosphate with 2,2′-bipyridine as the ligand, which provided naphthalene 3 in 80% isolated yield after 4 h reaction time (entry 11). Several other ligands were examined, but they did not better the yields (entries 12−15). Reactions proceeded in lower yields in acetonitrile and 1,4-dioxane, and no product was formed in chloroform or in protic solvents, such as methanol and water. The interchangeable use of silver, copper, or nickel complexes for the catalysis of these formal cycloadditions is noteworthy. 17, 19 Having defined effective conditions for Cu(I)-and Ni(0)-catalyzed cycloaddition of the parent system, we next evaluated the substrate scope for the new catalyst systems (Figure 1 ). The two catalysts were expected to behave differently, since Ni(CO) 2 (PPh 3 ) 2 is hindered, having a sterically crowded neutral Ni(0) center, whereas Cu(I), as a soft Lewis acid, was expected to coordinate more strongly. 20 Indeed, as noted above, while both provided silyl ether 3 in the same yield, the reaction was noticeably faster with the Cu(I) catalyst. Additionally, the two complexes displayed differing regioselectivities with unsymmetrical phthalazines. Whereas Cu(I) gave 1:1 mixture of the two regioisomeric products of 6-methoxyphthalazine, the Ni(0) catalyst gave 4 in a 1.5:1 preference over its regioisomer (not shown). A similar preference was observed with 5-chlorophthalazine and 5-fluorophthalazine, which produced naphthalenes 5 and 6, respectively, as the major products. In these instances, the slower reaction was also the more regioselective one. Other alkyl-and arylsiloxyalkynes were examined, and all gave the naphthalene products (7−9) in good yields. Benzo-fused derivatives of phthalazine enabled the synthesis of anthracene and phenanthrene derivatives. Thus, benzo[g]phthalazine gave anthracene products 10 and 11, whereas benzo[f ]phthalazine gave phenanthrenes 12 and 13.
We had recognized early on that extending the IEDDA reactions to pyridopyridazines would open up a new route to quinolines and isoquinolines but had found the silver catalyst to be ineffective with most such substrates. 21 We are delighted to note that this limitation can be overcome with the Cu catalyst. The reaction of pyrido [2,3-d] pyridazine and 1-siloxyhexyne (2), under standard Cu-catalysis conditions, gave small amounts of the quinoline product. When the same reaction was carried out in refluxing DCE, siloxyquinoline 16 was isolated in 41% yield, as a mixture of regioisomers. 22 The related trifluoromethyl-substituted pyrido [2,3-d] pyridazine reacted smoothly at room temperature, thus affording the corresponding product mixture 17 in 64% yield. 23 As observed with phthalazine (1), the reaction with the phenyl-substituted siloxyalkyne was more facile, giving the regioisomers of siloxyquinoline 18 in 74% yield. Similar success was enjoyed in the reaction between pyrido[3,4-d]pyridazine and phenylsiloxyalkyne, which gave the regioisomeric isoquinoline products 19 in 67% yield.
The fruitful switch from a silver catalyst to a nickel or copper catalyst spurred a brief look at other reactions that might be amenable to such a change. Among the reactions of siloxyalkynes, we examined its formal [2 + 2]-cycloaddition with cyclohexenone, a transformation reported by Kozmin et al. to be catalyzed by AgNTf 2 .
13c Treatment of a solution of the two reactants with 5 mol % of Cu(MeCN) 4 PF 6 promoted its clean conversion to the [2 + 2]-cycloadduct (20), isolated in 74% yield (Scheme 3).
24
In conclusion, we have demonstrated that Cu(I) and Ni(0) complexes catalyze the formal [4 + 2] cycloaddition reactions of 1,2-diazines and siloxyalkynes to give siloxy derivatives of naphthalene, anthracene, and phenenathrene. The copper catalyst was also effective in promoting the corresponding cycloaddition to generate quinoline and isoquinoline derivatives, as well as for the [2 + 2]-cycloaddition of siloxyalkyne and cyclohexenone. In more general terms, this study demonstrates the feasibility of switching from a precious metal to more economical, isoelectronic metals for catalyzing reactions. 
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